This study investigates the effects of adding titanium dioxide (TiO 2 ) particles to the negative electrode of a vanadium redox flow battery (VRFB) on the battery's performance. Results show that TiO 2 addition changes the wettability and electrical resistance of the electrode surface. The water contact angle on the electrode surface decreases with increased weight percentage of TiO 2 particles in the electrode. The electrochemical performance of these electrodes with different loading amounts is studied by cyclic voltammetry and single-cell charge-discharge measurements. Adding an adequate amount of TiO 2 particles to the carbon electrode promotes the electrode specific capacitance and charge-discharge efficiency of a single cell. An electrode with 20 wt% TiO 2 loading at a scan rate of 0.04 V s −1 shows a high specific capacitance (C s,t ) of 156.2 F g −1 , which is 59.1% higher than that of pure carbon electrode (98.2 F g −1 ). Similarly, the energy storage efficiency (η E = 72.5%) of a single TiO 2 /C cell with 20 wt% modified carbon felt is 30.4% higher than that of a cell with raw carbon felt (η E = 55.6%). Thus, the TiO 2 /C electrode increases the cell energy storage efficiency. These results demonstrate the potential application of TiO 2 /C electrode in VRFBs. Vanadium redox flow battery (VRFB) has received considerable attention during the recent years as a promising candidate for applications, such as remote area power system load-leveling applications. There are several advantages of using VRFB for large-scale energy storage applications, such as long cycle life, high reliability, deepdischarge capability and high power density. [1] [2] [3] [4] [5] In addition to loadleveling applications, VRFB can store wind turbine or photovoltaic generated intermittent electricity. VRFB employs V(IV)/V(V) and V(II)/V(III) redox couples as positive and negative half-cells, respectively. VRFB has an open circuit voltage of approximately 1.26 V at 100% state of charge.
Vanadium redox flow battery (VRFB) has received considerable attention during the recent years as a promising candidate for applications, such as remote area power system load-leveling applications. There are several advantages of using VRFB for large-scale energy storage applications, such as long cycle life, high reliability, deepdischarge capability and high power density. [1] [2] [3] [4] [5] In addition to loadleveling applications, VRFB can store wind turbine or photovoltaic generated intermittent electricity. VRFB employs V(IV)/V(V) and V(II)/V(III) redox couples as positive and negative half-cells, respectively. VRFB has an open circuit voltage of approximately 1.26 V at 100% state of charge. 6 Carbon felt is a typical electrode material with a wide operating electrode potential range and stability, a high surface area, and a reasonable price. 7 However, carbon felt electrode shows poor electrochemical activity. Therefore, much attention has been provided to electrode modification to enhance their electrochemical properties. [8] [9] [10] [11] [12] [13] [14] [15] Several alternative electrode materials have been proposed, such as metal electrodeposition on carbon fibers, to improve electrode performance. Various metal compounds have also been employed on graphite fibers, and a few have improved the catalytic activity for vanadium redox couples and enhanced electrode stability in acidic vanadium solution. Metal compounds deposited on carbon felts include IrO 2 , 10 Pt, 11 and Ir, 12 whereas others include partial modification of the functional groups on the graphite surface. [13] [14] [15] The coating of metal nanoparticles on the fiber in carbon felt is a promising approach. Recently, transition metal titanium dioxide (e.g. TiO 2, ZnO, γ-Al 2 O 3 ) has been studied extensively as a water adsorbent for improving the wettability of the catalyst layer therefore the performance of proton exchange membrane fuel cell [16] [17] [18] was enhanced. Besides, TiO 2 has satisfactory chemical stability, endurance, and lower production costs. 19, 20 The property of TiO 2 is influenced by crystal structure, surface area, size distribution, porosity, bandgap, and surface hydroxyl density. [21] [22] [23] This study aims to evaluate the effects of depositing hygroscopic titanium dioxide (TiO 2 ) nanoparticles onto a carbon black negative electrode on the performance of a vanadium redox flow battery (VRFB). The charge-discharge measurement was conducted under ambient conditions. Electrode material containing various TiO 2 amounts was loaded onto carbon black (XC-72) composite. The optimal loading amount of TiO 2 and the electrochemical performance of the composite electrode when used in VRFB were studied. * Electrochemical Society Active Member.
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Experimental
Preparation of anatase TiO 2 particles and TiO 2 /C composite electrode.-Anatase TiO 2 particles were synthesized via a two-step sol-gel process (hydrolysis, condensation, and calcination) in basic medium using precursor tetra-n-butyl titanate (TnBT, Alfa Aesar). The hydrolysis process was initiated in an ice-water bath. The TnBT (0.05 mol) -dissolved 20 mL ethylene glycol (EG, Aldrich) was added to the mixture of water and EG (V water /V EG = 1/1, V mix = 20 mL) and magnetically stirred to yield a 40 mL solution. No acids, bases, or stabilizing agents were added. Subsequently, the solution was thermostatic in an open vessel. The temperature was increased to 103
• C for 6 h to evaporate the solvent, and then dried at 120
• C for 10 h to remove the released butyl alcohol. The product was washed by centrifugation/re-dispersion cycles with ethanol and water to remove the residual EG and then dried in a vacuum oven at 300
• C overnight. The TiO 2 /C composite electrodes were prepared by mixing TiO 2 particles and carbon black (Vulcan XC-72). The weight ratios of TiO 2 particles to Vulcan XC-72 in the given composites were 0:100 (TOC-0), 10:90 (TOC-10), 20:80 (TOC-20), and 30:70 (TOC-30).
Material characterization measurement.-The crystal structure of the samples (Vulcan XC-72, TiO 2, and TiO 2 /C) were examined by X-ray diffraction (XRD, Rigaku D/MAX 2500) with Cu K α radiation (λ1.5418 Å). The XRD patterns of all samples were recorded in the 20
• to 70
• (2θ) range at of 2 • min −1 steps. The diffraction peaks were compared with the JCPDS data files. The size, morphology, and distribution of the TiO 2 /C composition material was determined using high-resolution field-emission transmission electron microscopy (HR-TEM, JEOL Model JEM-2100F) operated at 200 kV. A test-sample TiO 2 /C composition material for TEM was prepared as following; the Vulcan XC-72, TiO 2, and TiO 2 /C powder ink was placed in a vial containing ethanol and then ultrasonically agitated until the ink became homogeneous. A drop of the ink was spread on a holey copper grid.
The wettability of TiO 2 /C composite electrode was determined by the sessile drop method (First Ten Angstro, FTA 2000, U.S.A), was used to measure the contact angle of water on a solid surface. TiO 2 /C ink was sprayed onto one side of commercial hydrophobic carbon felt, and then dried at 60
• C for 30 min. Each sample was measured five times at different locations and the average water contact angle was then calculated. Fourier transforms infrared spectra (FTIR, Spectrum RXI, Perkin Elmer, U.S.A) analysis in the diffuse reflectance mode. The dried KBr was heated in a furnace overnight at 130
• C to minimize the amount of the adsorbed water. The spectra were recorded in the range of 1000 cm /C + 50 μL of 5 wt% Nafion solution) was coated on the working electrode for the electrochemical measurements. A pure Pt wire was used as the counter electrode, whereas a saturated Ag/AgCl was used as the reference electrode. During the cyclic voltammogram measurements (CVs), the electrode potential was first scanned toward the positive direction. The potential scanning rate varied from 0.01 V · s −1 to 0.05 V · s −1 in 1.0 M H 2 SO 4 (Aldrich, 98.5%) solution. The CVs were measured using a CHI Instruments (Model 614B, USA).
Charge-discharge test.-H 2 evolution more easily occurs in raw carbon electrode than in acidic-or thermal-treated carbon electrode based on CV measurement. 24 The previous CV test confirmed that H 2 evolution easily occurred in the raw carbon felt electrode in the V 2+ /V 3+ redox reaction. After adding TiO 2 , H 2 evolution decreased in the reduction reaction and became more obvious in the V 2+ /V 3+ redox reaction compared with that in raw carbon felt. Thus, the hydrophilic TiO 2 was added to the negative electrode in subsequent experiments to avoid the H 2 evolution.
A membrane-electrode assembly was prepared using the three main parts of an active electrode, namely, the positive component, negative component, and cation-exchange membrane (Nafion 117, DuPont). Commercial raw carbon felt (5.0 × 5.0 × 0.6 cm 3 ; Carbon Felt-CF060A01836, CeTech Co., Ltd.) served as the base of the positive and negative active electrodes. A Nafion 117 membrane with a 7.0 × 7.0 cm 2 area was pretreated with 5 wt% H 2 O 2 (Aldrich), deionized water, 1.0 M H 2 SO 4 (98.5%; Aldrich), and deionized water at 80
• C for 1 h for use as a separator between the two electrodes. Each graphite bipolar plate (Beam Associate Co., Ltd.) filled with an equal volume of raw carbon felt had fillister dimensions of 5.0 × 5.0 × 0.6 cm 3 ). A constant current charge-discharge test was performed using a single cell testing system (Beam Associate Co., Ltd.). The positive electrode was a raw carbon felt with an area of 25 cm 2 (5.0 cm × 5.0 cm), whereas the negative electrode was TiO 2 /C-modified carbon felt. 24 A mixture of TiO 2 /C composite electrode ink was prepared by mixing TiO 2 /C nanoparticles, 5 wt% Nafion solution (DuPont, USA), and alcohol (98%; Aldrich) and ultrasonicating the mixture for 1 h. TiO 2 /C ink was sprayed onto the raw carbon felt serving as the activation layer of the composite electrode and then dried at 65
• C for 6 h in a vacuum oven at a pressure of 1.013 × 10 3 Pa. This drying process helped fix the TiO 2 /C ink on the raw carbon felt. A charge-discharge test of a single cell was performed using a potentiostat/galvanostat instrument (263A, EG&G, USA) at set lower and upper charge voltage limits of 0.8 and 1.7 V, respectively, under ambient conditions. The input flow rate of electrolyte in each reaction electrode was maintained at 20 mL min −1 using a peristaltic pump (P10-100, Firstek Sci. Co., Ltd.). The solution for this experiment comprised 
Results and Discussion
Material analysis.- Figure 1 represents the wide angle diffraction (XRD) spectrum of carbon black (Vulcan XC-72), pure TiO 2 , and TiO 2 /C particles. The diffraction peaks at 25.8
• , 38.8
• , 55.0 and 62.7 are attributed to the anatase TiO 2 (101), (004), (200), (105), (211), and (204) crystalline planes, respectively, corresponding to typical anatase titanium dioxide nanocrystals. The broad peak near 2θ = 25
• is attributed to carbon black. Fig. 2a shows that the TiO 2 nanoparticles were well dispersed on the carbon black (Vulcan XC-72). The size distribution of the anatase TiO 2 nanoparticles in TiO 2 /C electrode material was obtained by directly measuring 300 random selected TiO 2 particles from TEM images. The histogram of the samples is shown in Fig. 2a , by which the anatase TiO 2 particle size of approximated 8.7 ± 2.2 nm. A typical high resolution TEM image as shown in Fig. 2b reveals the as-synthesized TiO 2 nanocrystals were highly crystallized with a lattice spacing of 0.35 nm, which related to the (101) plane of anatase TiO 2.
The FT-IR spectra of XC-72 and TiO 2 powder are shown in Fig. 3 . Apart from the two peaks at 1626 and 3375 cm −1 , no other peak is observed on the raw XC-72 surface. These peaks are the deformation vibration of adsorbed water and stretching vibration of -OH, respectively. The -OH bonding characteristics of the water molecules associated with the surface hydration layer were detected by FT-IR spectroscopy. Figure 3 shows two strong, broad absorptions centered around 3375 and 1625 cm −1 , with a weak absorption at 1395 cm −1 . The absorption at 3375 cm −1 characterizes the Ti-OH hydroxyl groups at the surface active sites, where physically adsorbed water molecules are bound by hydrogen bonds with -OH groups of TiO 2 surfaces. The absorption at 1625 cm −1 is associated with the deformation vibration of H-O-H bonds. 25 The hydrophilic characteristic of the TiO 2 /C composite electrode layer was investigated by the sessile drop method. Figure 4 shows the images of water droplets on each hydrophilic layer with various amounts of added anatase TiO 2 . The water contact angles of the hydrophilic layer with various amounts of anatase TiO 2 (0%, 10%, 20%, and 30%) are 134
• , 92
• , 54
• , and 8
• , respectively. These angles decrease with increased amount of anatase TiO 2 nanoparticles. The wettability of the electrode layer containing TiO 2 nanoparticles is significantly improved compared with that of the electrode layer without TiO 2 . This significant improvement is strongly related to the amount of added TiO 2 nanoparticles. Furthermore, the hydrophilic functional group (-OH) on the TiO 2 particle surface is detected by FT-IR. This The double layer charging current at −0.40 V of the TOC composite electrodes exhibits a higher current than XC-72. The hydrogen reduction peak cannot be observed in this cyclic voltammogram. The reduction peak was covered by the current of hydrogen adsorption/evolution reaction within the potential range of −0.4 V to −0.5 V vs. Ag/AgCl. Therefore, only the oxidation peak was used to examine the electrochemical activity of the electrodes. This phenomenon suggested that the composite electrodes had higher specific capacitance and higher electrochemical active area than XC-72 electrode.
The specific capacitance (C s,t ) of composite electrodes was calculated from the following equation: 26, 27 C s,t = I a + |I c | 2W
dV dt [1] where I a and I c are the currents of anodic and cathodic voltammetric curves at positive and negative potential (in amperes) at −0.40 V, respectively; W is the mass of the composites (in grams); and dV/dt is the scan rate (in volts per second). Figures 6a to 6d show the CVs of XC-72, TOC-10, TOC-20, and TOC-30 at different scanning rates. for TOC-30 (30 wt% TiO 2 loading). The loss of the carbon doublelayer capacitance can be attributed to the aggregation of TiO 2 particles and the increase in intrinsic resistance of the composite electrode.
The introduction of the hydrophilic TiO 2 produces faradaic pseudo-capacitance. Vulcan XC-72 has a high specific area that provides a large double-layer capacitance and excellent conductivity. Thus, the specific capacitance of the composite electrodes is a combination of double-layer capacitance and faradaic pseudo-capacitance. [28] [29] [30] Figure 7 presents the relationship between the specific capacitance and potential scanning rate of different composite electrodes. The specific capacitance of a given sample decreases with increased scanning rate. This result is possibly due to effective ion transport to the Vulcan XC-72 pores and the small concentration polarization at a low scanning rate. By contrast, some active surface areas are inaccessible for charge storage, 27, 31 and large concentration polarization appears at a high scan rate. The optimal loading TiO 2 amount is about 20 wt% in this study.
Charge-discharge test.-Charge-discharge experiment was performed on a single cell with raw carbon felt as the positive electrode and TiO 2 /C-modified felt as the negative electrode. About 40 mL of Figure 8a represents the charge-discharge curves of cells at constant current densities of 20 mA cm −2 . A sudden cell voltage drop is detected when the current is reversed from charge to discharge. The cell internal resistance R (in ohm centimeter squared) can be estimated from the cell voltage drop during current switching from charge to discharge (Fig. 8b) 
where I is the current value, V C is the average charging voltage, V D is the average discharging voltage, and A is the geometrical area of the electrode.
Figures 9a-9d present the charge-discharge cycling curves of cells A to D at a constant current density of 20 mA cm −2 . Table II lists > TOC-10 > TOC-30 > XC-72. With increased cycle number, the coulomb efficiency improves by 4.8% (from 78.6% to 82.4%) for cell C (20 wt% TiO 2 loading). This result indicates that the humidification ability and proper amount of the negative active layer of TOC-20 are both better than those of TOC-10 and TOC-30, which supports our assumption. The excessive amounts of TiO 2 nanoparticles added to TOC-30 (30 wt%) can easily aggregate on the negative active electrode layer and results in higher intrinsic resistance. The factors can affect decreased cell performance, with TOC-30 having the lowest performance. For TOC-10, the humidification ability of the negative active layer of TOC-20 is better than that of TOC-10. This result is similar to that of the contact angle test.
The results demonstrate that the VRFB performance can be improved by adding TiO 2 nanoparticles to the negative electrode layer. Overall, cell performance with a negative electrode layer containing TiO 2 nanoparticles is mainly determined by a competition mechanism between the positive effect (wettability enhancement of the cathode electrode layer) and negative effect (TiO 2 nanoparticle aggregation and increased intrinsic resistance). The highest voltage, coulomb, and energy efficiency of cell C with added TOC-20 are 82.4%, 90.1%, and 74.2%, respectively. This research has proved that the hygroscopic TiO 2 could be used to enhance the power capability of the VRB system although its current density is so far below commercial standard. In the future, it is planned that the hygroscopic TiO 2 is coated on the surface of the raw felt to enhance the hygroscopic ability of the entire carbon electrode, which would substantially improve the VRB performance. In the long run, we hope that the VRB system with hygroscopic TiO 2 combining with an admirable technique as reported by Liu et al. 33 could be operated under 200 to 1000 mA cm −2 condition approaching the state-of-the-art performance.
Conclusions
Several hydrophilic TiO 2 /C composite electrodes were prepared by a sol-gel method, and their wetted electrochemical surface areas were estimated from the double layer charging current of CV measurements. The XRD pattern and HR-TEM images indicated that the TiO 2 nanoparticles were deposited onto carbon black. Hydrophilic functional groups on TiO 2 were detected by FT-IR spectra. A water contact angle test further verified that the wettability of carbon electrode increased with increased amount of anatase TiO 2 nanoparticles. The specific capacitance of the electrode with 20% TiO 2 (sample TOC-20) was 156.2 F g −1 , which was 59% higher than that of raw . Cell C exhibited excellent performance, 90% voltage efficiency, 82% coulomb efficiency, and 74% energy efficiency at a constant current density of 20 mA cm −2 . The energy storage efficiency of cell using TOC-20 modified carbon felt was 31% higher than that of the cell using raw carbon felt. Therefore, an electrode with added TiO 2 has potential application in VRBs.
